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Abstract: To overcome atmospheric turbulence (AT) distortion during signal propagation through the
optical link, orbital angular momentum (OAM) mode states employing multiple inputs and multiple
outputs (MIMO) techniques have recently gained prominence in free space optical communication
(FSO). As the various OAM modes propagate through the free space optical link, signal attenuation
and crosstalk may occur, reducing system capacity and increasing the likelihood of bit errors. In
this work, our objective is to propose a spectrally efficient, high-speed and channel capacity efficient
crosstalk FSO communication system by combining the features of orthogonal frequency division
multiplexing (OFDM), spatial mode multiplexing (SMM), and a mode diversity scheme into an
existing OAM-FSO communication system. The incorporation of the OFDM-MIMO concept and
spatial mode diversity into the existing OAM-MIMO-FSO system is extremely beneficial in enhancing
the transmission capacity, mitigating multipath fading and atmospheric turbulence distortions. The
Gamma–Gamma (GG) model is used to assess the performance of the proposed system under various
atmospheric turbulence conditions in terms of the performance metrics such as BER vs. number of
OAM states for different refractive index structure and Rytov constants, link distance, and an optical
signal to noise ratio (OSNR). A FEC limit of 3.8 × 10−3 and a maximum link distance of 2 km are
set to evaluate these performance parameters. Finally, the transmission capacity of the proposed
system is compared to that of the existing MIMO and OAM-SMM-MIMO systems for different OSNR
values under atmospheric turbulence conditions for the OAM state of l = +1, yielding an overall
improvement of 3.3 bits/s/Hz compared to conventional MIMO systems and 1.6 bits/s/Hz for the
OAM-SMM-MIMO system.

Keywords: adaptive MIMO equalization; bit error rate (BER); orbital angular momentum multiplexing;
optical signal to noise ratio (OSNR); orthogonal frequency division multiplexing (OFDM); quadrature
amplitude modulation (QAM); free space optical communications (FSO); spatial mode multiplexing
(SMM); spatial mode diversity (SMD)

1. Introduction

Increasing system capacity and optimizing spectral efficiency in free space optical
communication (FSO) is a major challenge. To address these challenges, we must adopt a
new degree of flexibility in our approach in order to improve transmission capacity and
spectrum efficiency [1].

Orbital angular momentum (OAM) technology, which uses twisted light beams with
spiral spatial structure and an infinite number of natural orthogonal states, has received
much attention in free space communication in recent years. By choosing suitable OAM
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mode multiplexing, a high-capacity and spectrally efficient FSO system can be developed
using these intrinsic orthogonal states [2]. When this OAM technology is integrated with
orthogonal frequency division multiplexing (OFDM), along with a mode diversity scheme, the
capacity of the FSO link can be further improved. However, the transmission of OAM-OFDM
multiplexed spatial beams through the atmospheric turbulence (AT) channel has rarely been
investigated and studied in the literature. Hence, it is a key issue to analyze the impact of AT
on the capacity of the transmitted OAM-OFDM multiplexed signal during propagation [3].

OAM multiplexing has been successfully implemented with a spectral efficiency of
95.7 bps/Hz and a system capacity of 2.56 Tbps by Wang et al. [4] at 193.4 THZ in the
optical domain. A channel capacity of 100.8 Tb/s has been achieved in Huang et al. [5]
by incorporating OAM and polarization with wavelength division multiplexing (WDM)
techniques. To achieve this high transmission capacity, the proposed system has successfully
transmitted a total of 12 OAM channels, with each channel carrying out 100 Gbps of QPSK-
modulated data at two different polarizations over 42 different wavelengths.

A new approach to OAM beams using spatial modulation (SM) based millimeter
wave communication systems, which employ spatial distribution characteristics, has been
proposed to achieve a 341.6% improvement in energy efficiency over MIMO systems. The
system performance has been analytically evaluated using performance metrics such as
capacity, average bit error probability, and energy efficiency and has been identified as
robust against path loss attenuation and suitable for long range transmission [6].

L. Wang et al. [7] have proposed and analytically evaluated the performance of the
capacity model of an OAM based MIMO wireless communication system. The simulation
results showed that the OAM-MIMO wireless model outperformed conventional OAM and
MIMO transmission systems in terms of transmission capacity over a long transmission range.

The simultaneous transmission of spatially orthogonal and OAM multiplexed signals
through a single aperture pair has evolved as a novel method to increase the transmission
capacity by multiple folds with minimal crosstalk [8]. The proposed system has been designed
to investigate the power loss and channel crosstalk of the link in the case of limited-size receiver
apertures, as well as pointing and lateral errors between the transmitter and receiver [8].

G. Xie, L. Li, et al. [9] have demonstrated a single aperture based, eight-OAM mul-
tiplexed FSO system. At a BER threshold of 3.8 × 10−3, 32 Gbps of multiple coaxial
information was transmitted over a 2.5-m link distance to achieve a spectral efficiency of
16 bit/s/Hz with crosstalk less than −12.5 dB.

Ref. [10], which has been investigated for crosstalk mitigation issues, is a 4 × 4 OAM-
MIMO FSO system using adaptive equalization techniques employing heterodyne detec-
tion. Each OAM channel has transmitted a 20 Gbps QPSK signal under weak turbulence
conditions. The numerical results demonstrate that the signal quality can be improved by
using MIMO processing techniques, which help in reducing the power penalty by greater
than 4 dB at a threshold BER of 3.8× 10−3.

In the article [11], the advantages of MIMO based spatial multiplexing technique have
been incorporated in OAM multiplexing to increase the FSO system capacity.
A 2 × 2 aperture architecture, where each transmitter aperture transmits two multiplexed
OAM beams, has been proposed to design an 80 Gbps FSO system. The result obtained
shows the power penalty to be less than 3.6 dB at the BER limit of 3.8 × 10−3.

Incorporating multiple aperture sizes in MIMO based multiple OAM using spatial
mode multiplexing (SMM) has been widely investigated by different researchers to enhance
the channel capacity and mitigate the turbulence-induced power fluctuations. However,
in a practical FSO link, the design complexity, cost, and real-time processing capability of
such an adaptive optical receiver remain critical issues [12,13]. The spiral wave-front of
the OAM beams is susceptible to free space turbulence, resulting in inter-channel crosstalk
(ICC) issues and the spreading of the power of the transmitted OAM states into different
adjacent OAM states [14]. To maximize the capacity of the FSO link, such crosstalk has been
thoroughly studied for Laguerre–Gaussian beams under various atmospheric turbulence
scenarios for adaptive optic systems based on adaptive MIMO techniques [15].
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In this research paper, an OAM-OFDM based spatial mode multiplexed (SMM) MIMO-
FSO system design is presented, and the system performance is evaluated under different
weak to strong atmospheric channel conditions. The spatial mode diversity (SMD) based
MIMO signal processing scheme is proposed to improve the system’s robustness against
channel path loss attenuation and also to enhance the transmission capacity. By combining the
benefits of OFDM and OAM multiplexing, the proposed design is not only made spectrally
efficient and robust against the impact of multipath fading, but it also increases the proposed
system’s transmission capacity in the FSO link. This work presents 20 symmetrical hybrid
spatially multiplexed (OAM-OFDM) orthogonal channels, each carrying 120 Gbps of 16-QAM
modulated data at a wavelength of 1550 nm over a link distance of 2 km. When this hybrid
spatially multiplexed signal is transmitted through the turbulence channel, the OAM mode
state intensity profile and phase structure are distorted due to mode energy spreading to
adjacent OAM states. The proposed system design BER performance is investigated under
turbulent channel metrics such as the refractive index structure parameter, Rytov variance
constant, and link distance. The BER performance is also compared for different transmitting
OAM mode states in different turbulence conditions. The BER and the channel capacity
performances of the proposed OAM-OFDM-SMM MIMO FSO system is investigated and
compared by taking into consideration the MIMO and OAM-MIMO FSO systems as a function
of OSNR in turbulent atmospheric conditions. Moreover, the analytical results illustrate that
the BER of the OAM-OFDM-SMM MIMO FSO system decreases exponentially with an
increase in OSNR values and significant improvement is observed at 20 dB OSNR. In addition,
the channel capacity of the proposed system increases exponentially with an increase in OSNR
and at OSNR of 18 dB, the capacity of the proposed system is improved by 3.3 bits/s/Hz
compared to the other two FSO systems discussed above. The subsequent sections of this
paper are organized as discussed below.

In Section 2, we have described the schematic design model of the proposed OAM-
OFDM-SMM multiplexed free space communication system with detailed mathematical
analysis, whereas the principle of the spatial mode diversity used in the proposed system is
explained in Section 3. The mathematical concepts of the generation of the 16-QAM modulated
SMM multiplexed OAM beam using a spatial phase mask (SPM) technique and its electric
field distribution is discussed in this section. Moreover, the channel capacity model of the
proposed system under the impact of the GG atmospheric turbulence condition is reported
in Section 4. The numerical results obtained for the proposed system are investigated and
analyzed in Section 5, whereas the final conclusions of the findings and potential future
improvements of this research are summarized at the end of this paper in Section 6.

2. Proposed System Schematic Model

Figure 1 depicts the concept and working principle of the OAM based spatial multi-
plexed FSO system model, while Figure 2 illustrates the detailed experimental setup of the
proposed OAM-OFDM-SMM-MIMO spatial multiplexed FSO system, which incorporates
OFDM and adaptive SMM and SMD multiplexing schemes.
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Figure 2. Schematic of the OAM-OFDM-SMM-MIMO spatially multiplexed FSO system.

In Figure 1, the collimated Gaussian laser beams are produced to carry independent
and orthogonal data streams at a wavelength of 1550 nm. Spiral phase mask (SPM) converts
the high-speed 120 Gbps binary data into OAM mode division multiplexed (OMDM)
signal. These OAM spatially multiplexed (SMM) beams are transmitted through a pair of
transmitter lenses having f 1 and f 2 focal lengths, respectively, before transmitting over the
turbulent transmission link. The equivalent focal length of this pair of lenses is given by

1
f0

=
1
f1

+
1
f2
−

d f

f1 f2
(1)

where, ∆ = f 1 + f2 − df is the lens offset and df is the center-to-center lens spacing.
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Through the careful design and adjustment of this lens pair offset, we can not only
focus the transmitted OAM beams at the receiver end, but also help to minimize the
transmitted signal power losses. This also makes the OAM-multiplexed FSO link robust
against pointing error [15].

As shown in Figure 2, the OAM-OFDM-SMM-MIMO FSO optical transmitter consists of N
independent OFDM subsystems. A 16-QAM-modulated real-valued discrete multi-tone (DMT)
electrical signal is produced by a random waveform generator (AWG) at a sample rate of 25 G
samples per second. These signals are further modulated in the OFDM modulation subsystems
and multiplexed with different orthogonal OAM states. These M = 65,615 subcarriers, are used
to transmit the data, with the effective bandwidth of 9.72 GHz of the DMT signal. A cyclic prefix
of 40 samples is padded in front of each DMT signal.

The jth OAM states are chosen from the set S = {−K, −K + 1 . . . 0 . . . K, K + 1} with
the K as the maximum OAM state and the jth of the OFDM modules is associated with this
OAM states set. Total number of orthogonal OAM states generated are given by L = 2K + 1
corresponding to OFDM symbols and, hence, share the same frequency spectrum in the
OAM-OFDM-SMM-MIMO FSO system. These frequency channels are further multiplexed
to enhance the spectrum efficiency of the proposed system. The frequency fm of the mth
OFDM subcarrier in each OFDM module is chosen from F = {f 0, f 2, . . . fm, . . . , fM−1} and
given by

fm =
m
Ts

+ fsc for 0 ≤ m ≤ M− 1 (2)

where, Ts and fsc are the symbol period and minimum subcarrier frequency, respectively.
In the jth OFDM subsystem, S/P block converts a set of serial symbols into low data rate M
parallel symbols. Further, the mth parallel symbol is modulated in frequency domain signal
X j

m and later this symbol is again transformed to a time domain signal Sj
m in an inverse.

Fourier transform (IFFT) block. Further, the P/S module converts the M parallel time
domain signal Sj

m(t) to a serial signal Sj
OFDM(t), which is expressed as

Sj
OFDM(t) =

M−1

∑
m=0

X j
me2πi f mt (3)

The transmitted OAM-OFDM-SMM multiplexed signal after adding a cyclic prefix (CP)
into a Sj

OFDM signal and converting it into an analog signal in the DAC module corresponding
to the uth mode states for 1 ≤ uth ≤ U is given in matrix form by Equation (4):

SOAM−OFDM(t) =
L

∑
j=1

U−1

∑
u=0

M−1

∑
m=0

X j
me2πi fmte

2πiulj
U (4)

S = SOAM−OFDM(t) = [S1(n), S2(n) . . . . . . . . . , SN(n)]
T (5)

When this signal shown by Equation (5) is transmitted through the turbulent FSO
channel, a phase distorted signal Ŝ is received at the optical receiver end and given by

∧
S = [

∧
S1(n),

∧
S21(n) . . . . . . . . . ,

∧
SN(n)]

T
= HS (6)

The plane wave from the output of the OAM state de-mux subsystem is demodulated
in the jth OFDM demodulator subsystem using the inverse process used in the OFDM
modulator subsystem. Thus, the output signal matrix from the de-multiplexer and OAM
state converter is expressed by [16].

Y = [Y1(n), Y2(n), . . . . . . . . . YN(n)] = G
∧
S (7)

where H and G are the N × N atmospheric turbulence channel and OAM-OFDM-SMM
MIMO matrix respectively with hi,j ∈ H, gi,f ∈ G and i,j ∈ N. The estimation SNR for the
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tap gain coefficient wl
ij of length L + 1 for the spatial mode multiplexed equalization is

expressed as
∧
yj(n) =

N

∑
i=1

L

∑
l=0

wl
ij
∧
s i(n− l) (8)

3. Concept of Spatial Mode Diversity

A spatial mode multiplexed (SMM) beam for the proposed system is generated using
a spatial phase mask (SPM) and is expressed by

U(ωz, ϕ) = A(ωz)eilφ (9)

where, A(ωz) α e(−
ωz
ω0

) is the electric field strength of the Gaussian beam of waist radius
of ωz at the transmission distance z and ω0 at z = 0 respectively. The OAM state phase
difference is defined by ϕ. After 16-QAM modulation, the hybrid electric field distribution
of N, OAM-OFDM state, spatially multiplexed signal [17] is given by

UMux(ωz,φ, t) =
N

∑
s=1

ms(t)As(ωz)eilsφL (10)

In above expression, ms(t) is the 16-QAM modulated signal and ls is the topological
quantum number which is distinctive by the angle mark of ‘s’ respectively. The total power
in kth symmetrical OAM mode state Gaussian beam g(t) is given by rk = P+m + P−m and
the power ratio αN of mth specific beam to the total power is expressed by αN=

√
P+m
rk

. The
coherent coupling in the optical light field [18] for the relative phase shift ϕL between two
OAM beams is given by

SKNL(rk,αN ,φL,t) = U1(rk,αN ,φL,t) + U2(rk,αN ,φL,t)=
√

rkg(t)α2
Neimθe(−

iφL
2 g(t)) +

√
rkg(t)(1− α2

N)e−imθe(
iφL

2 g(t)) (11)

A generalized Laguerre–Gaussian (LGp,l) beam of twisted photons [19] with wave-
length λ, angular momentum l, and radial mode number p is characterized by Equation
(12), whereas the received field is given by the Equation (13), respectively:

ωz = ω0

√√√√(2p + l + 1)

(
1 + (

λz
πω2

0
)

)2

(12)

φ(r, z) =
+∞

∑
i=−∝

∑
k
ρkαkiui(r, z) (13)

After spatial mode de-multiplexing and the photo-detector collecting process, the
received power in the ith channel state of OAM mode [20] is given by

yi =
∫ ∣∣∣∣∣∑k∈N

ρkαkiui(r, z)

∣∣∣∣∣2dr = ∑
k∈N

ρkαki

∣∣∣∣∣
2

(14)

As stated in Equation (14), the signal and the inter-channel crosstalk (ICC) are coher-
ently superimposed for the proposed system. Here αki refers to the complex coefficient
between the kth transmitted and ith received mode state of the instantaneous channel state,
whereas ‘r’ refers to the position vector. Hence the received signal vector field can be
expressed as

Y = [Y1, Y2, . . . . . . . . . YN ]
T= Y = |Hρ|2 = |

α11 . . . αN1
. . . . .

α1N . . . αNN

2

| (15)
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where, ρ = [ρ1, ρ2, . . . . . . . . . ρN ]
T is the transmitted signal vector, and H is the channel

matrix consists of αi,j coefficients, respectively. This non-linear transformation between
the N number of transmitted and received spatial mode signals is caused by square law
detection, which is used in conventional MIMO digital signal processing techniques [21].
The photon rate Ai of this channel for the photon detector efficiency µ and signal ρiαii,
calculated from the SMM [20], can be written in the expression below. The following
expression can be used to express the photon rate Ai of this channel for the photon detector
efficiency µ. Here, ρiαii, shows the signal from the calculated SMM [20].

Ai = µ|ρiαii + ∑
k∈N,K 6=i

ρkαki|2 (16)

During our analysis, we assume that the channel state information for the signal
amplitude fading |αii| at the receiver end is estimated by collecting the received power
and exciting the ith spatial multiplexed mode. In this case ρiαii is obtained directly from the
spatial mode multiplexing calculations.

The photon rate obtained from Equation (16) is a half normal distribution, whose
intensity fluctuation is represented by a probability density function (pdf) under atmo-
spheric turbulence conditions. The results obtained from Equations (15) and (16) are used
in calculations of probability density function as well as the channel capacity given by the
Equations (27) and (28) in Section 4, respectively. The instantaneous asymptotic optical
signal-to-noise ratio [20] (OSNR) can be calculated by using Equation (17). Each channel
in the proposed system carries high-speed, 16-QAM modulated information, resulting in
N multiplexed OAM channels. The probability of error of the 16-QAM modulation [22]
under atmospheric turbulence is given by

γi =
|αii|2

∑
k∈N,K 6=i

E[|αki|2]
(17)

Pe = 3Q

√4Eavg

5N0

1− 0.75Q

√
0.8

Eavg

5N0

 (18)

where, N0 and Q(.) are the FSO link’s noise power spectral density and complementary
error function, respectively.

The received field strength for the ith spatially multiplexed signal [20] at the received
plane for the Lagrange Gaussian (LG) polynomial Li

0 is expressed by

ui∗(ωz,φ, 0) =

√
2

π|i|
1

ω0

(√
2ωz

ω0

)|i|
Li

0

(
2ω2

z

ω2
0

)
e
−( ω2

z
ω2

0
+jiφ)

(19)

4. Capacity Modelling of the Proposed System

Turbulence-induced scintillation is the major factor that can impact the propagation of
a spatial mode multiplexed signal across the FSO link [23]. These scintillation distortions
are produced due to local fluctuations in pressure and temperature in the atmosphere. This
random change in the atmospheric refractive index results in the leakage of signal power
from one mode to adjacent modes. This phenomenon results in modes overlapping with
power penalties.

The scintillation theory states that the intensity fluctuations of the received OAM-
OFDM-SMM multiplexed signal I = x × y is the product of large (α) and small (β) scale
turbulent eddies in GG turbulence conditions of the atmospheric channel. These intensity
fluctuations are represented by the conditional PDF corresponding to α and β parameters
at the system receiver end by Equations (20) and (21) respectively [24]. Here the Rytov
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constant is given by σ2 = 1.23C2
nk7/6z11/6 and C2

n is the refractive structure parameter
whereas Γ(.) denote the Gamma function.

fx(x) =
α(αx)α−1

Γα
e−αx for x, α > 0 (20)

fy(y) =
β(βy)β−1

Γβ
e−βy for y, β > 0 (21)

α =

(
exp

[
0.49σ2

(1 + 1.11σ2.4)
7/6

]
− 1

)−1

> 0 (22)

β =

(
exp

[
0.51σ2

(1 + 0.691σ2.4)
5/6

]
− 1

)−1

> 0 (23)

The conditional PDF of intensity fluctuation I for the fixed values of x is further
expressed by Equation (24), whereas the unconditional PDF can be further derived by
taking the average of this Equation (24) over the Gamma distribution using Equation (20).
Finally, the PDF for the GG distribution function can be derived for the modified Bessel
function K(.) of second kind and written by Equation (25).

fy(I/x) =
β(βI/x)β−1

xΓβ
e−(βI/y) (24)

f (I) =
2(αβ)(α+β)/2

ΓαΓβ
I(α+β)/2−1Kα−β

√
2αβI (25)

Considering Equation (25), and the bit error rate (BER) equation for the orthogonal
modulation scheme [22], the BER of the OAM-OFDM signal, for the transmitted and
received OAM state, lq and l and mth subcarrier frequency, is given by

〈berl,m〉 =
∝∫

0

0.5 f I(I)er f c

√
I2γl,m

2
dI (26)

In the above Equation (26), f I(I), represents the PDF of the intensity fluctuation of the
OFDM signal at the receiver end due to atmospheric turbulence, whereas,

γl,m = Pl,m(l,z)

∑
Iq 6=l
Iq∈s P,l,m(Iq ,z)+ N0

Ptx

denotes the signal-to-noise ratio (SNR) of the OAM-OFDM chan-

nel for the transmitted power Ptx and, erfc(.) is the complementary error function [25].
In this proposed FSO system, a binary symmetric channel (BSC) is adopted, whose

transmission channel capacity is derived in Refs. [7,26]. Hence the capacity of the OAM-
OFDM FSO system can be expressed by Equation (27)

C(
〈
berl,m

〉
) = 1 +

〈
berl,m

〉
log2

〈
berl,m

〉
+ (1−

〈
berl,m

〉
) log2(1−

〈
berl,m

〉
) (27)

hence, the total capacity of OAM-OFDM-SMM multiplexed FSO transmission systems can
be expressed as

C =
+K

∑
l=−K

M−1

∑
m=0

C(
〈
berl,m

〉
) (28)

5. Numerical Results and Discussion

In this section, the BER and channel transmission capacity performances of the pro-
posed OAM-OFDM-SMM multiplexed MIMO FSO system are evaluated with respect to
various performance metrics, such as the number of OAM states, various refractive index
structure parameters, Rytov parameters, different FSO link distances, and different signal-
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to-power ratios (SNR) under various weak to strong atmospheric channel conditions. In
the optical transmitter section, the OAM states are multiplexed to carry OAM-OFDM-SMM
multiplexed channels, where each channel is 16-QAM modulated and carries information
at a data speed of 120 Gb/s over a wavelength of 1550 nm. Equation (28) is used to calculate
the minimum power required/channel to achieve a set target BER.

To analyze the performance of the proposed system, the following assumptions are
also made: (i) the system physical and default parameters used to calculate and evaluate
the proposed FSO system are summarized in Table 1; (ii) transmitted power for all the
channels is kept equal; (iii) the forward error correction (FEC) limit is set to be 3.8 × 10−3

corresponding to threshold SNR of 18 dB; (iv) inter-channel crosstalk with the signal
behaves similarly to noise at our BER threshold; and (v) the large-scale eddies and small-
scale eddies are represented by αrj,m and βrj.m, respectively.

Table 1. Physical parameters for the proposed system.

System Parameters Symbol Simulation Values

Spatial laser power Pl −15 dBm

Bit rate per channel Rb 120 Gb/s

Number of OAM modes L 21

Maximum OAM state K 10

Lens focal length f 1 = f 2 50 cm

Transmitted wavelength λ 1550 nm

Transmitter Power Pt 15 dBm

Maximum RIS onstant C2
n 1 × 10−15 m−2/3

Maximum Rytov constant σ2 3.98

Number of subcarriers fsc 65615

Minimum subcarrier
frequency fsc 30 GHz

Subcarrier interval ∆ f 1 KHz

Gaussian beam size ω0 30 cm

Maximum FSO link distance z 2 km

Receiver losses Lrx 0 dB

Photo-detector responsivity R 1 A/W

Detector dark current I0 10 nA

Thermal noise power density η 10–22 W/Hz

The simulation results for the intensity profile and phase front distortion of the purest OAM-
OFDM-SMM-MIMO mode l = +1 are illustrated in Figure 3 under weak (C2

n = 1.0× 10−10) m−2/3

and (σ2 < 1) and under strong atmospheric turbulence (C2
n = 1.0× 10−15) m−2/3 and (σ2 > 1)

conditions for the link distance of 1 km, respectively. For the purest mode, the beam waist
parameter is ω0 = 1 m. In very weak AT, there is almost no phase front distortion, most of the
transmitted power remains in OAM = +1 mode, and almost negligible optical power leakage
occurs from this mode to other adjacent modes. However, under severe AT conditions, we clearly
observe the EM field’s distorted phase front, which causes a high-power leakage to other modes.
At the receiver end, the normalized power received for 7 different OAM modes is also shown in
Figure 3. The normalized received power for l = +1 mode under strong AT conditions decreases
by almost 10 dB compared to weak AT conditions, whereas l =−3 mode demonstrates the worst
performance profile under the same conditions.
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Figure 4 illustrates the BER vs. number of OAM mode states for four different re-
fractive index structure (RIS) parameters from [4 × 10−12] m−2/3 to [6 × 10−12] m−2/3

atmospheric turbulence conditions. These turbulence conditions correspond to strong
and weak atmospheric turbulences. Due to the severe vulnerability of the higher-order
OAM states in different turbulence conditions, the BER curve increases with the increase
in absolute value of the OAM state for the fixed value of the refractive index structure
parameter. The result obtained demonstrates that the BER curve is symmetrical with respect
to the different OAM states and that the center is located at the zero mode state. When
the RIS parameter is kept constant for any turbulence conditions, the BER performance
curve increases almost in a linear manner with the increase in the absolute value of the
low-order OAM mode state maximum up to the OAM state of −17, whereas for the ab-
solute value of higher-order OAM mode states beyond −17, the BER performance curve
decreases gradually with the increase in OAM mode order. This is mainly due to mode
energy leakage or spreading in adjacent OAM modes. For the mode state from −3 to 0, the
BER performance remains almost constant. The symmetrical BER performance is observed
for the OAM mode state from 0 to 20. When the OAM mode state is kept constant, it is
observed that the BER increases with the increase in the RIS structure constant value due to
the decrease in atmospheric turbulence strength.

The BER performances of the OAM-SMM-MIMO and OAM-OFDM-SMM-MIMO FSO
systems are compared in Figure 5 with respect to different OAM states during atmospheric
turbulence. When the OAM state value is maintained constant, the BER of the OAM-
OFDM-SMM-MIMO FSO system is significantly higher than the BER of the straightforward
OAM-SMM FSO transmission system. The results distinctively show that atmospheric
turbulence has an effect on the performance of both FSO systems; however, the variations
in received OFDM-MIMO/SMM signals are primarily affected by intensity variations, as
opposed to the impact of atmospheric turbulence on OAM signals, which is primarily
caused by phase distortion or variations. Due to the fact that OFDM signals are also
impacted by atmospheric turbulence, the OAM-OFDM-SMM FSO system is more adversely
affected than OAM signals.
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The BER performance of the proposed system is compared as a function of different
order OAM mode states in Figure 6 for three different link distances, from a maximum of
2 km to a minimum of 0.75 km, respectively, in atmospheric turbulence. When the order of
the OAM state is kept constant, say at 0, the BER increases with an increase in optical link
distances. The plot validates the fact that with an increase in optical link distances, both the
atmospheric attenuation and the turbulence become stronger, which ultimately leads to a
higher numerical value of BER and hence the worst system performance. The proposed
system performs admirably for lower-order OAM states with absolute values ranging from
0 to 5 over a propagation distance of 0.75 km, but it performs poorly for the same order of
OAM modes over a distance of 2 km. This is because of the least spreading of lower-order
OAM state modes’ energy, which is the minimum leakage of the mode energy from one
mode to adjacent OAM modes.
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Figure 7 compares the BER performance as a function of increasing OSNR values for
the two OAM-SMM-MIMO and OAM-OFDM-SMM MIMO FSO systems, considering the
intensity fluctuations at the receiver, respectively. For the performance analysis, a fixed
and moderate atmospheric turbulence with a RIS parameter of 2× 10−12 m−2/3 and the
OAM l = +1 state mode is assumed. We observe that the BER graphs decrease exponentially
with the increasing value of OSNR from 0 to 30 dB and cross the set FEC threshold limit
of 3× 10−3 at 20 dB and 24.1 dB for both of these systems, respectively. The OAM-SMM
based MIMO FSO system clearly demonstrates the superior performance over the OAM-
OFDM-SMM based FSO system. This also validates the concept that both systems are
influenced by atmospheric turbulence due to intensity fluctuations; however, this effect on
the OAM-SMM based MIMO FSO system is less than that on the OAM-OFDM based MINO
FSO system. For the chosen threshold value of 3.8 × 10−3, the OAM-SMM based system
requires a 4.1 dB lesser amount of power compared to the OAM-OFDM based FSO system.
At OSNR value of 25 dB, the performance of the OAM based system is approximately
100 times better than OFDM based SMM MIMO FSO system. Both the FSO systems can
perform excellently below the set BER threshold for higher OSNR values beyond 23.5 dB.

The performance of the proposed system is also compared for log BER vs. OSNR
ranging from 2 to 35 dB for GG turbulence conditions and different numerical values of the
Rytov constant as shown in Figure 8. It can be seen from the plots that as the numerical
value of the Rytov constant σ2 decreases from 3.98 to 0.83, the atmospheric turbulence
becomes weaker, resulting in an excellent proposed system log BER performance. For the
fixed value of OSNR at 20 dB, the log BER are −3.28, −2.91, and −2.55, corresponding to
σ2 = 0.83, 1.81, and 3.98, respectively.
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Figure 9 demonstrates the increase in channel capacity with respect to the function
of different OSNRs (dB) for the three FSO systems, OFDM-MIMO, OAM-MIMO, and
OAM-OFDM-SMM-MIMO, respectively, under turbulence conditions (2× 10−12) m−2/3.
It is observed from the graph that the OAM-OFDM-MIMO FSO system for OAM state
l = +1 and the 8 OFDM subcarrier based on SMM outperforms compares to the other two
conventional MIMO-FSO systems. At 18 dB OSNR, the channel capacity offered by the
proposed OAM-OFDM-SMM-MIMO system is nearly 3.3 bits/s/Hz better than a simple
OFDM-MIMO system and 1.6 bits/s/Hz better than an OAM-OFDM-SMM based MIMO
FSO transmission system. When the channel capacity was set to 14 bits/s/Hz, the proposed
OAM-OFDM-MIMO FSO system based on SMM required nearly 3.2 dB less power than
OFDM-MIMO and 1.1 dB less power than the OAM-MIMO FSO system. The result clearly
validates that by combining OAM and OFDM along with the spatial mode diversity scheme,
one can enhance the capacity of the FSO transmission system. We present a novel approach
to increasing channel capacity while also increasing diversity gain.
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6. Conclusions and Future Work

In this article, we have analyzed the high-speed, enhanced transmission capacity
OAM-OFDM-SMM FSO system, which combines the advantages of OAM multiplexing
and OFDM techniques with MIMO spatial mode diversity schemes in the existing OAM
and OFDM, MIMO FSO communication system to investigate the performance of the
system under turbulence conditions. Furthermore, the proposed OAM-OFDM-SMM based
MIMO-FSO system is a multi-transmission optical link system that exploits the spatial
dimensions of laser beams to design a reliable crosstalk FSO model under the impact of
atmospheric turbulence to increase the spectral efficiency and diversity gain. Moreover, the
numerical results obtained from the simulations illustrate that the proposed OAM-OFDM
FSO system, based on spatial mode diversity, has effectively improved the performance
of the FSO communication link using spatial mode diversity in various atmospheric tur-
bulence conditions. The BER and the capacity performances of the proposed system have
been compared for various parameters such as number of OAM states, link distance, OSNR,
and RIS. Although the proposed system can also be investigated for parameters such as
power penalty calculation for intermodal crosstalk, received power vs. angular receiving
aperture, and outage probability for transmitted power. The link distance needs to be
increased while keeping the speed and the channel capacity constant.

We can also improve the performance of the existing work and propose a new OAM-
OFDM-SMM, MIMO FSO communication system in the future by incorporating different
channel coding techniques, multiplexing techniques such as dense wavelength division
multiplexing (DWDM), various turbulence compensation techniques, and the CSI model
to improve the channel capacity enhancement of the proposed FSO system. Also, we can
exploit the performance of the proposed system for different OFDM subcarriers’ under
various refractive index structure constants to analyze the capacity of the FSO system.
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